All-optical switching of dark states in nonlinear coupled microring resonators 
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We propose and analyze an on-chip all-optical dynamical tuning scheme for 
coupled nonlinear resonators employing a single control beam injected in par- 
allel with a signal beam. We show that nonlinear Kerr response can be 
used to dynamically switch the spectral properties between "dark-state" and 
electromagnetically-induced transparency configurations. Such scheme can be 
realized in integrated optical applications for pulse trapping and delaying. 
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New approaches for optical pulse control in photonic 
structures employ an analogy with the coherence phe- 
nomena in quantum-mechanical systems. In particu- 
lar, electromagnetically-induced transparency (EIT) is 
attributed to destructive quantum interference with a 
narrow transparent window in the absorption spectrum. 
In optics, coherent interference of the resonant modes of 
coupled optical cavities can exhibit EIT-like transmission 
and QM-like phenomena at room temperature [l|, thus 
relaxing the bandwidth and de-coherence constraints of 
QM. Recently, several studies have shown that dynam- 
ically tuning a system of two coupled micro-ring into 
and out of a "dark-state" can facilitate all-optical trap- 
ping and releasing of optical pulses 0, [|[ . 

Various experimental approaches for tuning the res- 
onator frequencies have been developed to suit particular 
material platforms. In Si structures, out-of-plane opti- 
cal pump was used for carrier excitation @, y] or ther- 
mal heating Q. Electro-optic control with integrated 
p-i-n junctions Q and metal film heaters have also 
been demonstrated. In AlGaAs structures thermal 
and two-photon absorption effects have been utilized for 
optical signal processing. However, it remains an open 
question how to realize fully all-optical scheme for dy- 
namic switching of "dark-state" in coupled microring res- 
onators, where the signal and control pulses can propa- 
gate within the photonic chip. 

In this Letter we present a new all-optical approach 
for tuning coupled microring resonators with Kerr non- 
linearity, using a strong control beam launched into the 
photonic structure in parallel with the signal beam. In 
particular, we demonstrate switching the spectral prop- 
erties between a "dark-state" and EIT-like states. The 
realization of such tunability opens a way for fully on- 
chip trapping, releasing, and delaying of signal optical 
pulses. Our approach can be realized, in particular, with 
the chalcogenide glass platform [8] or in AlGaAs struc- 
tures at the telecom spectral range [9| , whereas nonlinear 
losses in Si platform can also be suppressed if the pump 
is tuned to longer wavelengths to avoid two-photon ab- 
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Fig. 1. (Color online) Schematic of the coupled micror- 
ings resonators structure. 

sorption [Toj . 

We consider a coupled resonator configuration consist- 
ing of two microrings side coupled to two waveguides, 
see Fig. [TJ In general, R\ ^ i?2 ■ Although optical tuning 
and switching in such photonic structures has been stud- 
ied 0, Q , we suggest here a different approach, where the 
signal and control (pump) beams are launched into the 
lower and upper waveguides, respectively. This scheme 
is also different from the configuration where the pump 
and signal are launched into the same waveguide [ll| , as 
the resonator-enhanced four-wave-mixing (FWM) of co- 
propagating waves can lead to frequency conversion. In 
our case, the pump and signal waves propagate in the 
opposite directions in both rings and waveguides, and 
FWM leads to effective modification of refractive index 
essentially without frequency conversion. 

The structure is equivalent to a Fabry-Perot (FP) cav- 
ity with wavelength-dependent mirrors created by two 
resonators; unlike conventional FP cavities, the forward 
and backward propagating waves are traveling through 
different optical paths. When the device is set to a "dark- 
state" , the structure serves as a compound, high-quality, 
FP resonator which can force a pulse centered at its res- 
onance frequency to circulate inside for long periods of 
time. 

As the pump wave propagates through the resonators, 
it changes the refractive index via the Kerr nonlinear- 
ity. If the losses are small, the control wave intensity is 
constant and the associated index changes are homoge- 
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neous inside each sections of the rings and the waveguides 
between the successive coupling regions. We denote by 
ArijH and ArijL the nonlinear refractive index changes in 
the right and left half-rings, respectively, where j = 1,2 
is the number of the resonator. Since the optical field 
is enhanced inside the rings and can exceed significantly 
the input intensity, we neglect the nonlinearity in the 
straight waveguides. At steady-state, when An are con- 
stant, the intensities in half-rings [I^l and Ijr) and the 
transmitted intensity (It) can be found analytically: 
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where pj = 1 - (1 - n)exp(itp jR + ityji,), D = p Y p 2 - 
k 2 exp(iipiL + i^2R + Zitfw), K is the coupling constant 
between the waveguides and the ring resonators, if denote 
the phase accumulation at each half-rings and waveg- 
uide sections (either top or bottom) between the rings, 
ipjR = nRjK(njo + An^), tfjL = nRjK^o + An^x), 
tp w = dKn W Q, K = 2 * 7r/A is the wavenumber, A is the 
wavelength in vacuum, rijo and n W Q are the effective lin- 
ear refractive indexes for the fundamental guided modes 
in the rings and the waveguides, respectively. These ex- 
pressions generalize the model presented in Ref. |l| where 
identical parameters for the left and right halves of the 
microrings were considered. 

Depending on the structure parameters, such as the 
resonance frequencies of the microrings and the FP, the 
compound cavity can be toggled between "open" and 
"closed" configuration. In order to trap an optical pulse 
in the compound cavity ("close" the trap) it is neces- 
sary to formally satisfy the condition that the field in- 
side the rings can be non-vanishing for zero input in- 
tensity This leads to the following phase conditions: 
(i) ifjL + fjR — 2irrrij, i.e. the microrings are in res- 
onance, and (ii) iipiL + i<fi2R + 2i<fiw — 27rm c , where rrij 
and m c are integers. A cavity "dark state" is realized 
when these conditions are satisfied simultaneously. 

We now demonstrate that the compound cavity can 
be dynamically tuned to and away from the conditions 
for a dark state by injecting a pump beam into the 
structure (see Fig. [TJ) which induces a refractive index 
change through Kerr nonlinearity of the material com- 
posing the microrings. Unlike the out-of-plane pumping 
schemes 0, Q , the build up of the pump signal in the mi- 
crorings enhances the nonlinear response. We note that 
the field inside the microrings can be strongly enhanced 
at resonance for small values of the coupling coefficient 
k, and in this regime the intensities in left and right half- 
rings are very similar according to Eq. ([1]). Therefore, 

we assume that approximately 1^ = h R ~ ij , and 
An^j = Anj^ ~ = 2irri2lj P \ where n 2 is a nonlin- 
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Fig. 2. (Color online) Nonlinear cavity tuning: (a,b) no 
pump, (c,d) pump wavelength and input intensity deter- 
mined through self-consistent approach to achieve "dark 
state" for signal wave. Shown are (a,c) linear transmis- 
sion intensities and (b,d) the corresponding signal inten- 
sities in the left half-rings of the first (dashed line) and 
second (solid line) resonators, relative to the input signal 
intensity. 



ear coefficient. The index change at a signal wavelength 
l ar ger by a factor of two compared to that of the 
pump because of the nature of cross phase modulation 
(XPM) [3, Ang = AjiJ = AnJ s) = 47m 2 ij p) . Thus, 
the "dark state" conditions at the signal wavelength are 
satisfied when /j p) = [mj/rj - 2Trn j0 /\( s '>}/(4:Trn 2 \ (s y). 

After determining the required pump intensities inside 
the microrings, we need to find the values of the exper- 
imentally controllable pump parameters, the wavelength 
and input intensity . To solve the nonlinear prob- 
lem yielding the necessary wavelength and power of the 
pump we employ a self-consistent argument: 1. We know 
the effective An^ needed to achieve a "dark state" at 
the signal wavelength. 2. Assuming that the required 
Arij P ' are achieved, we use Eq. {Tj to determine the ratio 
between the pump intensities in the first and second mi- 
crorings as a function of the pump wavelength. 3. At the 
pump wavelengths satisfying the amplitude ratio found 
in step 2, self consistency is achieved. 4. We set the in- 
jected pump power according to the required intensities 
in the microrings. Note that the input pump intensity 
was irrelevant for the steps 2 and 3 where we analyzed 
a linear problem. This enables very efficient numerical 
calculation of the pump parameters. 

To illustrate and validate our approach, we perform 
a comparison with direct modeling using the finite- 
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Fig. 3. (Color online) Nonlinear FDTD simulation re- 
sults: (a) Temporal evolution of the pump intensity in the 
first and second rings as indicated by labels; (b) Probe 
transmission spectra at t = (dashed line) and t = lips 
(solid line). 

difference-time-domain (FDTD) method. In order to 
reduce the computation time, small and high index- 
contrast microrings were employed. The dimensions of 
the simulated structure are r± — r-i = 1.7 fim, d = 
4.6421/im, ring/ waveguide width 0.2/ito, the gap between 
the waveguides and the rings is w mp = 0.3/im, the refrac- 
tive index of the waveguide and rings is n corc = 3, and the 
cladding refractive index is rt c iad = 1.0. We use the linear 
transmission spectra and the values of phase accumula- 
tion in the rings and the waveguides obtained from the 
FDTD simulations to extract the matching parameters 
for our model: k = 0.0215, mo = n 2 o = 2.2644, n 0w = 
2.2796. Under these conditions, the structure forms a 
"dark state" at the wavelength of A^ s ^ ~ 1.5117/im (with 
the resonant orders mi = to 2 = 16 and m w = 28). 
To demonstrate the tunability between the "dark" and 
"EIT-like" states, the core (linear) indices of the micror- 
ings are slightly modified. The index of the first ring is 
set to 3.0 — 2Sn and that of the second ring to 3.0 — Sn, 
where Sn = 0.0005. This approach is essentially identical 
to the modification of the radii but allows better con- 
trol for computational process. We determine the corre- 
sponding effective model parameters as n±o = 2.2634 are 
ri2o = 2.2639. Substituting these parameters in Eq. (fl}, 
we immediately see the expected result that the reso- 
nances of two microrings are shifted apart and each res- 
onance is associated with a dip in the transmission spec- 
trum [Fig. [UJa)] and the corresponding increase of the 
field intensity inside the microring [Fig. Hfb)]. We apply 
the self-consistent approach and find several possible val- 
ues of the pump wavelengths which enable us to achieve a 
"dark state" . It is important to choose the pump wave- 
length sufficiently far from the microring resonance in 
order to avoid the bistability effect of the pump wave. In 
particular, we can choose the value of A( p ) = 1.7257/im. 
Then, to verify our assumption of equal intensities in left 
and right half-rings, we solve the fully nonlinear problem 
of the pump wave transmission by an iterative procedure: 
we calculate the pump intensities according to Eq. ([I]), 
then find the corresponding refractive index changes, and 
repeat these steps until convergence is reached. We use 
this solution to calculate the signal transmission spec- 



trum shown in Fig.JSfc), which indeed has a characteristic 
signature of a "dark state" , where the two microting res- 
onances are merged into one and the transmission is sup- 
pressed, whereas the field becomes much more strongly 
enhanced inside the microrings, c.f. Figs.^d) and (b). 

We also characterize the temporal dynamics of the cav- 
ity tuning by performing FDTD modeling of nonlinear 
pump evolution. The numerically optimal value of the 
pump wavelength is found to be \^ — 1.7527, which 
is close to the result of our semi-analytical approach. 
We observe a rapid convergence of the stationary am- 
plitudes inside the microrings, within a few picoseconds 
[Fig.|3[a)]. Figure[3]Jb) depicts the small-signal transmis- 
sion spectra of the coupled microrings system at t = 
and at t = lips. As shown in the figure, when the pump 
is off, the device exhibits an EIT-like transmission spec- 
trum with a sharp transmission line at A = 1511. 5nm. 
After the pump is turned on and the intensities in the 
microrings stabilize, a "dark-state" is formed and the 
compound cavity is "closed" . 

In conclusion, we have suggested a novel all-optical 
scheme for tuning a system of coupled nonlinear micror- 
ing resonators between "EIT-like" and "dark" states. 
These states correspond to opened and closed config- 
urations of a compound cavity, thereby enabling the 
trapping and releasing of optical pulses. The proposed 
scheme offers switching times of the order of few picosec- 
onds being within the reach of contemporary technology. 

The authors thank the support of COST action 
MP0702 in this research. This work was partially sup- 
ported by the Australian Research Council. 
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